Based on skeletal oxygen and carbon isotope analyses, we found a remarkable decrease in skeletal linear extension rate of a Porites colony during the bleaching event of 1998 around the Ryukyu Islands. Water temperature in the summer of 1998 was recorded as the highest for at least last 50 years in the region. This colony, growing in a channel of fringing reef in Ishigaki Island, has experienced complete bleaching, as evidenced from direct observations of discoloration of the colony. Growth increment between the summer of 1997 and winter of 1997-98 is about 7 mm long while the corresponding increment between the summer of 1998 and winter of 1998-99 is only 2 mm long. Since the surface colonization by algae and excavating sponges cannot be recognized by visual inspection of X-radiographs, the slow growth might have been caused by the temporal perturbations in coral-algal symbiotic system, which inhibits calcification. The shift of skeletal carbon isotope ratios toward negative during bleaching also suggests the decrease of photosynthetic activity of symbiotic algae. Presumably, high temperature during the summer of 1998 could have led to massive decrease in carbonate production by coral reefs around the Ryukyu Islands through a large-scale coral bleaching event.
INTRODUCTION
The mass expulsion of zooxanthellae from host corals and/or the decrease of photosynthetic pigments within individual zooxanthella are known as coral bleaching (e.g., Glynn, 1991) . Coral bleaching was originally reported from the Caribbean in early 1980s at local scale (e.g., Oliver, 1985) . However, since extensive coral mortality was reported after the 1982/83 El Niño in the eastern Pacific (Glynn, 1984 (Glynn, , 1990 , coral bleaching has drawn much attention, especially in the context of global warming (Glynn, 1991; Brown, 1997) . evated temperature and UV radiation can cause much severe effects on coral bleaching due to oxidative stress, which inhibits photosynthesis in symbiotic algae (Lesser, 1996; Brawn, 1997) .
While remarkable progress in photophysiological study related to bleaching has been conducted as described above, the effects of coral bleaching on skeletal records also have been the subject of discussion. Reduced calcification and linear skeletal growth rate due to thermal stress and bleaching were widely reported (Jokiel and Coles, 1977; Oliver, 1985; Goreau and Macfarlane, 1990; Leder et al., 1991; Tudhope et al., 1992) . However, the isotopic changes in coral skeletons due to bleaching were not fully examined. Porter et al. (1989) successfully reported abnormally high-temperature events from bleached colonies of Montastrea annularis, indicating the skeletal δ 18 O shift towards negative. In addition, Porter et al. (1989) found a depletion of 13 C in bleached skeleton suggesting the decrease in photosynthetic activity of symbiotic algae. On the other hand, Leder et al. (1991) concluded that isotopic analysis of M. annularis skeletons may not always be reliable tool for examining coral bleaching. In the Pacific, Carriquiry et al. (1988) reconstructed the timing and magnitude of the 1982-1983 El Niño using the skeletal oxygen isotopic ratios of P. lobata. However, these corals might have not been bleached.
Recently, worldwide severe bleaching event occurred in the Great Barrier Reef during the austral summer of 1997-1998 and apparently spread to the Northern Hemisphere (Wilkinson, 1998) . Coral reefs around the Ryukyu Islands were also badly damaged by the massive bleaching (e.g., Hasegawa et al., 1999) . This seems to happen for the first time in the Ryukyu Islands to result in a severe coral bleaching. In this paper, we describe the skeletal isotopic records of a Porites colony, which experienced the massive bleaching on a fringing reef of Ishigaki Island, the southern Ryukyu Islands, in the summer of 1998.
STUDY SITE AND METHODS
A Porites colony, that forms a fused Porites complex in a channel of the fringing reef off Yasura-zaki, Ishigaki Island, Japan (Figs. 1 and 2), exhibited a discoloration while others of the complex showed no change in their color during the massive bleaching event in this region (Fig.  3) . Long coral cores were extracted on February 2, 1999 from the bleached and non-bleached colo- IGOSS NMC SSTs (24.5°N and 124.5°E ) is also shown in panel A. nies. Both of the coral colonies were identified to be P. lutea.
Cores from the bleached colony (sample ID: IY99-02) were sectioned into 7 mm thick slabs and cleaned with deionized water for X-radiography. The sampling procedure used to extract microsamples for isotopic measurements is outlined in detail in Gagan et al. (1994 Gagan et al. ( , 1998 . Microsampling for isotope analysis was conducted along the major growth axis of the coral core at an interval of 200 µm. Additional less high-resolution sampling at 1-mm interval was employed adjacent to the main microsampling track. Isotope measurements were carried out at an interval of every 2 samples for the high-resolution microsamples, whereas every sample was analyzed for the track of 1-mm interval. The coral samples of 70-100 µg were reacted with 100% H 3 PO 4 at 90°C in an automated carbonate device (Multiprep) coupled with a Micromass Optima mass spectrometer at the Geological Survey of Japan. The internal precision was 0.04‰ and 0.03‰ for δ 13 C and δ 18 O, respectively, based on repeated measurements of NBS-19 calcite standard (n = 6). Data are reported as per mil (‰) deviations relative to PDB (Peedee Belemnite).
Incidental observations on water temperature were conducted at two water depths (0.7 m and 3.0 m below mean sea level) of the non-bleached coral colony (Fig. 2) since July 1998 using loggers with temperature sensors. Water temperature measurements were also conducted on a moat of the Shiraho reef since August 1996. For comparison, the IGOSS NMC SST (Reynolds and Smith, 1994) , which is weekly blended ship-and satellite-derived SST (sea surface temperature), for a grid including Ishigaki Island is examined. According to Suzuki et al. (1999) , IGOSS SSTs show a good agreement with land-based observations during the summer while relatively large discrepancy can be expected during the winter due to surface cooling in this region.
In order to examine the long-term fluctuations of SST in the open ocean around the southern Ryukyu Islands, we will show two time-series of the SST anomaly (SSTA) averaged over a grid of 24-26°N, 124-126°E during recent five decades. We calculated a monthly 2-degree longitude-latitude SSTA time series from quality-controlled ship and buoy observations compiled in Long Marine Reports of Comprehensive Ocean Atmosphere Data Set (COADS; Woodruff et al., 1987) from January 1950 to December 1995. We also obtained a SSTA time series for the latest decade from January 1991 to July 1999 from the NCEP (National Center for Environmental Prediction) Real-time Marine Data archive.
RESULTS AND DISCUSSION
Although water temperature was monitored at two depths at Yasura-zaki coral site (St. A), the variation of recorded temperatures was negligible: the shallower one recorded slightly warmer values compared to the deeper one (<0.2°C; Fig.  4 (A)). Water temperature at Yasura-zaki reached 31.5°C in the middle of August 1998. Because our seawater temperature monitoring at Yasura-zaki started from July 1998, we need to refer temperature records from St. B on the Shiraho reef, which is located approximately 20 km south of Yasurazaki. Seawater temperature records at Shiraho also showed similar values in the summer of 1998 and the summer maximum temperature was 1.5 to 2.0°C higher compared to the previous years ( Fig.  4(B) ). The abnormal summer high water temperature was also observed in IGOSS NMC SSTs, suggesting that this thermal event occurred not only in coastal area but also in the open ocean.
Repeated visual inspections of the fused colony were conducted on July 14, and November 11, 1998 and February 2, 1999 . No extraordinary features were observed in the colony in July 1998, just before the abnormal increase in seawater temperature. In November 1998, one colony showed complete bleaching while there was no change in the other two colonies of the same complex (Fig.  3) . Although more frequent observations were not available, the coral colony is supposed to have bleached around the beginning of August 1998, when seawater temperature exhibited unusual increase compared to its normal value. By February 1999, most part of the bleached coral surface started to show either recovery of its color or settlement of filamentous algae. Estimated period of the bleaching is about 5-6 months from August to December 1998 or until January 1999 (Fig. 4) . Oxygen and carbon isotope records were obtained from the topmost part of the 18 mm-long bleached coral core (Fig. 5) . Skeletal δ 18 O varies between -5.7 and -4.6 per mil and the range is comparable to other Porites specimens from this island (Suzuki et al., in prep.) . A pattern of annual periodicity was clearly observed in both δ 18 O and δ 13 C profiles for the lower portion of the bleached coral core, which corresponds to the year 1997. As expected from the reported δ 18 O vs. temperature relationship , the δ 18 O minima (lightest values) correspond to the periods of high water temperature (summer). We here employ a coral chronology by simple interpolation between the minima and maxima in δ 18 O, which were designated as the highest and lowest bi-weekly IGOSS SSTs, respectively , although the method may be influenced by seasonal variation in growth rate of coral skeleton.
Remarkable decrease in linear extension rate can be seen in the topmost part of the core. Growth increment between the summer of 1997 and winter of 1997-98 is about 7 mm long while that between the summer of 1998 and winter of 1998-99 is only 2 mm long. Less-resolution samples (1 mm interval) show a good agreement with values of high-resolution samples (200 µm interval), suggesting a good reproducibility of the measurements including microsampling technique (Fig. 5) . Skeletal δ 18 O minimum corresponding to the summer of 1998 was -5.71‰ while that of the summer of 1997 was -5.45‰. The difference of 0.26‰ corresponds to 1.6°C based on the temperature and δ 18 O relationship of 0.165‰ °C -1 . Because this relationship has a lower value compared to other studies from the Pacific (0.18-0.22‰ °C -1 as quoted in Suzuki et August 26, 1998 , February 25, 1998 , and July 30, 1997 al., 1999), the estimate of temperature difference (1.6°C) seems to be a maximal one, and further examination will be needed. However, the estimated SST increase (1.6°C) is still smaller compared to the observed SST increase between the summers of 1997 and 1998 (ca. 2.0°C), suggesting coral growth stopped or severely reduced before SST reached the maximum in the summer of 1998. Visual inspection of X radiographs of the bleached coral revealed that the fluctuations of skeletal density of the bleached coral show a cyclicity that corresponds to the annual δ 18 O periodicity (Fig. 5) . High-density bands of the coral have more negative δ
Fig. 5. The oxygen and carbon isotope records along the major growth axis in the bleached coral skeleton (IY99-02) from Yasura-zaki (A) and an X-ray positive print of the specimen showing the transect of microsampling (B). The isotopic measurements were conducted from the surface to 18 mm from the surface. Control points were set at the following positions along the sampling transect of the specimen: 0 mm, 2.0 mm, 6.8 mm, and 13.6 mm from the surface of the colony while the corresponding dates were February 2, 1999 (date of collection),
18 O values, suggesting that the bands were formed during warmer season of the year. However, any extraordinary characteristics in growth bands, such as unusual dense bands (stress bands) and irregular boundaries, were not found to be associated with the identified growth disturbance.
Skeletal carbon isotope record can provide information on coral metabolism. As clearly seen in Fig. 5, δ 18 O minima occur after δ 13 C maxima (early summer). This lag corresponds to a shift between annual cyclic variations of SST and solar radiation of about 1-2 months in this region. The month of the highest light intensity is either June or July, while the highest temperatures are recorded in July or August in this region. This suggests that the main controlling factor of skeletal δ 13 C is photosynthetic activity, which is sensitive to solar radiation. A similar time lag between δ 13 C and δ 18 O has also been reported from the Philippines (Pätzold, 1984) and the Great Barrier Reef (Cohen and Hart, 1997) .
The point of interest here is the relationship between δ 13 C and photosynthetic activity of coralalgal symbiotic system. Our coral sample generally showed an inverse relationship between δ 13 C and δ 18 O and less negative δ 13 C values in the summer when high solar radiation is expected to enhance photosynthetic rate (Figs. 5 and 6 ). Kinetic fractionation model, which predicts simultaneous depletion of both 13 C and 18 O associated with rapid calcification (McConnaughey, 1989) , cannot explain the observed δ 13 C fluctuations. Results of Swart et al. (1996) on an Atlantic species Montastrea annularis are also inconsistent with our results. On the other hand, simple skeletal 13 Cradiant energy model (Fairbanks and Dodge, 1979; Pätzold, 1984; Wellington and Dunbar, 1995) , which predicts that photosynthesis causes enrichment of the 13 C pool from which skeletal carbon is drawn, seems to plausibly explain our results. The δ 13 C of dissolved inorganic carbon (DIC) of the ambient seawater may influence skeletal carbon isotopic composition as well. A recent calibration study by Swart et al. (1996) concluded that skeletal δ 13 C corrected for changes in the δ 13 C of DIC does not show a positive correlation with photosynthesis with a statistical significance. Hence, they claimed the necessity of reassessment of skeletal δ 13 C as a proxy indicator of insolation. However, field observations on the δ 13 C of DIC are limited so far. Therefore, we tentatively omit the effect of the δ 13 C of DIC in the discussion although detailed examination on this topic will be required in future.
Fig. 6. Skeletal isotopic compositions of the bleached coral (IY99-02) from Yasura-zaki. The trajectory indicates temporal change of oxygen and carbon isotope ratios in the skeletal portion corresponding to one year beginning from February 1998 (᭹). The hatched area is an envelope of isotopic compositions of the skeletal increment during 1997 (᭺). The difference of the minimum values of δ 18 O in 1997 and 1998 corresponds to 1.6°C based on the relationship proposed by
Assuming that skeletal δ 13 C reflects metabolic activity of coral-algal symbiosis, relatively negative δ 13 C values after the summer of 1998 may be attributed to the decreased photosynthetic activity of the symbiotic system due to bleaching (Fig.  5) . The cause-and-effect sequence of events can be seen more clearly in a δ 18 O vs. δ 13 C plot (Fig.  6) . The first half of the year 1998 samples are plotted within the range from the skeletal portion of 1997, suggesting that the coral colony was in normal metabolic condition. However, a trajectory of coral isotopic compositions sticks out from the normal range and the difference in δ 18 O reaches to 0.25 per mil towards negative compared to the previous summer extreme, corresponding to anomalously high water temperature in the summer of 1998. The bleaching has likely occurred around the upward corner of the trajectory in the diagram. After this turning point, δ 13 C from the portion of the second half of the year 1998 showed a rapid negative shift (1.0‰). This indicates that the decrease of photosynthetic activity is presumably due to the loss of symbiotic algae from coral tissues. Because the skeletal portion of more negative δ 13 C values coincides with the decrease in linear extension rate of skeleton after the bleaching event, the depressed photosynthesis should be also responsible for skeletal growth impediment. This result is not contradictory to the strong linkage between photosynthesis and calcification known as "light-enhanced calcification" (Suzuki et al., 1995) .
Our results confirmed the reduction of calcification and linear skeletal growth rate due to bleaching (e.g., Jokiel and Coles, 1977) . The depletion of 13 C in bleached skeleton, which was previously reported on an Atlantic species Montastrea annularis (Porter et al., 1989) , was also confirmed in the Pacific species Porites lutea. Presumably, high temperature during the summer of 1998 could have led to massive decrease in carbonate production of coral reefs around the Ryukyu Islands through a large-scale coral bleaching event. Although the specimen examined here did not show unusual skeletal features such as stress bands, the growth disturbance was clearly recorded by an isotopic fluctuation, suggesting that the isotopic signals may be a powerful tool for examining condition of skeletal growth.
Most likely cause of the high temperature event in the summer of 1998 seems to be the lack of typhoon activity in the Ryukyu Islands region. We can see repeated short-term decreases in water temperature in normal summers (Fig. 4) , which correspond to the approaching typhoon. Low pressure systems including a tropical typhoon stimulate vertical mixing of the surface water, which may result in the temperature decrease in the surface water. In the absence of typhoons, SST continued to rise due to solar heating during the summer of 1998 and resulted in the extraordinary high temperature (31.5°C), which caused mass bleaching event around the Ryukyus.
According to the latest SST records, the hightemperature event in 1998 is the greatest anomaly since 1950 for the area of 24-26°N and 124-126°E (Fig. 7) . This indicates that corals around the southern Ryukyu Islands ever experienced the highest temperatures in August 1998 for the last 50 years, while the highest monthly SSTA was recorded in May of 1998. There were several high temperature events since 1950 in the southern East China Sea. The highest anomalies, which exceeded +1.3°C from the long-term average, include events in 1966, 1972, 1980, 1988, and 1994 . However, most of these events occurred in winter, not in summer, presumably due to winter monsoon fluctuations. Therefore, the thermal event in the summer of 1998 is quite extraordinary with respect to the earlier records. Since coral bleaching is becoming a common feature at some reef sites worldwide due to global warming, studies on the beaching events using coral skeletal records as well as manipulations and laboratory experiments will be needed to improve our understanding on coral bleaching.
